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In a recent study in Nature Cell Biology, Christianson et al. provide intriguing insights into the mechanisms of
mammalian protein quality control in the endoplasmic reticulum. Their findings open up new perspectives on
the versatility and diversity of how protein quality control sorts out defective polypeptides to prevent damage
to the cell.Major hazards to the delicate balance of
cellular metabolism are malfunction and
aggregation of structurally impaired pro-
teins that may originate from multiple cel-
lular stress conditions (Hirsch et al., 2006).
Yet, protein biogenesis itself is probably
the largest source for incorrectly folded
proteins, since up to one-third of nascent
polypeptides fail to attain their destined
conformation. The cell has, therefore,
evolved elaborate protein quality control
(PQC) systems that continuously survey
protein structure and counteract the perils
of protein damage. The benefits of cellular
PQC exceed the limits of the single cell.
Up to one-fifth of the polypeptides en-
coded by the human genome are pre-
dicted to be secretory proteins that may
function a long way off from their origin.
These and other proteins fold and mature
in the endoplasmic reticulum (ER). Conse-
quently, PQC in the ER is pivotal not only
for the cell itself, but also for the organism
as a whole.
How does PQC single out defective
proteins? A milestone in understanding
the mechanisms of PQC in the ER was
the deciphering of the ‘‘glycan code’’
(Helenius and Aebi, 2004): successive
trimming of an N-linked precursor oligo-
saccharide attached to glycoproteins
immediately after synthesis generates
a mannose-9 glycan. As long as the poly-
peptide presents this carbohydrate, it is
assumed to be a benign folding intermedi-
ate and protected against the destructive
forces of the PQC. If, however, a polypep-
tide remains unfolded for a prolonged
period of time, ER mannosidase I cleaves
off a specific mannose residue. Proteins
carrying the resulting mannose-8 oligo-
saccharide are probably trapped in a non-native conformation and must, therefore,
be removed. This is the task of ER-associ-
ated components of the ubiquitin-protea-
some system. One of these modules is the
ER membrane-embedded HRD ligase
that was first characterized in the yeast
Saccharomyces cerevisiae (Bays et al.,
2001). Its principle subunits are the ubiq-
uitin-protein ligase Hrd1p and the trans-
membrane protein Hrd3p that exposes
a large domain into the ER lumen. The
mammalian homologs were identified as
Hrd1 and SEL1L (Lilley and Ploegh, 2005).
Though our knowledge of glycoprotein
maturation and PQC advanced, it was
not until the discovery of the mannose-
specific lectins EDEM/Htm1p and Yos9p
that the mechanisms governing selective
capture of defective proteins began to
emerge. Both the ER-mannosidase-I-like
protein EDEM/Htm1p and the mannosi-
dase receptor homolog (MRH) Yos9p pro-
cess aberrant polypeptides (Bhamidipati
et al., 2005; Kim et al., 2005; Szathmary
et al., 2005). Whereas EDEM/Htm1p is
a soluble ER-luminal protein, Yos9p is a
subunit of the HRD ligase and capable
of detecting mannose-5 and mannose-8
glycans (Denic et al., 2006; Gauss et al.,
2006; Szathmary et al., 2005). By linking
PQC to the destructive module HRD
ligase, Yos9p may act as a gatekeeper al-
lowing only defective proteins to be elim-
inated. While a lot of work has been done
in the yeast system, little is still known
about how the mammalian HRD ligase
homolog is loaded with client proteins.
In a recent study published in Nature
Cell Biology, Kopito and coworkers
(Christianson et al., 2008) now character-
ize two mammalian homologs of Yos9p,
OS-9 and XTP3-B. Earlier reports alreadyDevelopmentadefined XTP3-B as an ER-resident pro-
tein, whereas OS-9 was found in the cyto-
sol. The authors now clearly demonstrate
that the two expressed spliced isoforms
of OS-9, OS-9.1 and OS-9.2, are both gly-
cosylated ER-luminal proteins. Although
OS-9 and XTP3-B share only moderate
sequence homology with the yeast pro-
tein, the presence of one (OS-9) and two
(XTP3-B) MRH domains, respectively,
invited the idea that they could function
in equivalent processes.
Indeed, the authors found XTP3-B and
both isoforms of OS-9 in individual com-
plexes with SEL1L and Hrd1. RNA inter-
ference of SEL1L using small hairpin
RNA abolished binding of OS-9.1&2 and
XTP3-B to Hrd1, establishing SEL1L as
the scaffold that brings the lectins into
the complex. Having established the
physical link to the HRD ligase, the au-
thors asked whether efficient turnover of
model substrate proteins depends on
the three lectin proteins. Both lectins
bound the SEL1L-Hrd1 substrate NHK,
while another target, RI332, was only de-
tected in complex with XTP3-B. Knock-
down of SEL1L increased the amounts
of NHK associated with OS-9 and XTP3-
B, indicating that SEL1L acts downstream
of OS-9 and XTP3-B. In yeast, loss of
Yos9p diminishes disposal of all ER-lumi-
nal substrates investigated so far. Sur-
prisingly, Christianson et al. found that
only RNAi of OS-9.2 significantly slowed
down turnover of NHK. Breakdown of
two other model substrates did proceed
at normal rates in any knockdown experi-
ment. Apparently, the mammalian system
has evolved a more flexible and diverse
PQC that uses different lectins to deal
with different subsets of proteins and,l Cell 14, April 2008 ª2008 Elsevier Inc. 463
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one component.
The authors then used mass spectrom-
etry to identify other proteins bound to the
two lectins. The most prominent hit for
OS-9 was the HSP90 chaperone GRP94.
GRP94 binding to OS-9 was independent
of the HRD ligase; in fact, the complex
was stabilized in the absence of SEL1L.
RNAi of GRP94 abolished efficient dis-
posal of NHK, indicating that HSP90 sus-
tains breakdown of this model substrate.
What is the role of GRP94 in this context?
The assumed function—by analogy to
cytosolic HSP90—of GRP94 is to regulate
assembly of protein complexes. GRP94
may therefore assist binding of OS-9 to
SEL1L. Or it may serve a more active
part; for instance, it may control efficient
transfer of client proteins to OS-9 and
from OS-9 to the HRD ligase. Further
experiments will clarify the function of
GRP94.
Since turnover of at least some sub-
strates depends on OS-9 and XTP3-B,
the authors asked whether the two lectins
detect glycans on client proteins via their
MRH domains, as has been reported for
Yos9p. Most astonishingly, the MRH do-
mains were dispensable for substrate
binding to the lectins. Moreover, XTP3-B
bound a folding-defective luminal protein
that lacked all its glycans. While in yeast
deletion of the MRH domain does not
compromise the Yos9p-Hrd3p complex,464 Developmental Cell 14, April 2008 ª200mutation of this domain in OS-9 and
XTP3-B abrogated binding of the lectins
to the glycoprotein SEL1L. It is therefore
tempting to hypothesize that the MRH
domain needs to bind carbohydrates on
SEL1L to recruit the two lectins into the
HRD complex. The authors speculate
that binding to SEL1L oligosaccharides
serves to hand over client proteins from
OS-9 and XTP3-B.
This finding may have yet more far-
reaching implications. Mutational analysis
of the glycosylation pathway in yeast laid
the basis for the glycan code theory
(Helenius and Aebi, 2004): blocking car-
bohydrate synthesis at some stages still
allowed turnover of model substrates at
normal rates, while introducing mutations
at other steps diminished breakdown of
glycoproteins. From these results and
experiments with inhibitors in the mam-
malian system, researchers have as-
sumed that the type of oligosaccharides
covalently attached to substrates is the
essential clue for PQC. The outcomes of
the study presented by Christianson
et al. now challenges this fundamental as-
sumption of the glycan code, at least in
the mammalian system: if carbohydrates
on SEL1L have an essential role in recruit-
ing OS-9 and XTP3-B, the observed de-
fects of blocked glycan synthesis may in
part be caused indirectly by failures in as-
sembling the HRD ligase. However, some
data hint to a direct function of glycan in8 Elsevier Inc.PQC: studies with mutant substrates in
yeast have revealed that breakdown of
some proteins depends on only one out
of multiple attached oligosaccharides.
Future research will investigate (and rein-
vestigate) the precise role of carbohy-
drates in PQC, and it is quite possible
that the prevailing glycan code theory
needs to be amended, at least in some
parts.
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